Summary
1.
Interactions between resource and consumer species result in complex ecological networks. The overall structure of these networks is often stable in space and time, but little is known about the temporal stability of the functional roles of consumer species in these networks. 2. We used a trait-based approach to investigate whether consumers (frugivorous birds) show similar degrees of functional specialisation on resources (plants) in ecological networks across seasons. We additionally tested whether closely related bird species have similar degrees of functional specialisation and whether birds that are functionally specialised on specific resource types within a season are flexible in switching to other resource types in other seasons. 3. We analysed four seasonal replicates of two species-rich plant-frugivore networks from the tropical Andes. To quantify fruit preferences of frugivorous birds, we projected their interactions with plants into a multidimensional plant trait space. To measure functional specialisation of birds, we calculated a species' functional niche breadth (the extent of seasonal plant trait space utilised by a particular bird) and functional originality (the extent to which a bird species' fruit preference functionally differs from those of other species in a seasonal network). We additionally calculated functional flexibility, i.e. the ability of bird species to change their fruit preference across seasons in response to variation in plant resources. 4. Functional specialisation of bird species varied more among species than across seasons, and phylogenetically similar bird species showed similar degrees of functional niche breadth (phylogenetic signal k = 0Á81) and functional originality (k = 0Á89). Additionally, we found that birds with high functional flexibility across seasons had narrow functional niche breadth and high functional originality per season, suggesting that birds that are seasonally specialised on particular resources are most flexible in switching to other fruit resources across seasons. 5. The high flexibility of functionally specialised bird species to switch seasonally to other resources challenges the view that consumer species rely on functionally similar resources throughout the year. This flexibility of consumer species may be an important, but widely neglected mechanism that could potentially stabilise consumer-resource networks in response to human disturbance and environmental change.
Introduction
Both mutualistic interactions (e.g. between plants and pollinators) and antagonistic interactions (e.g. between parasites and their hosts) are organised in ecological networks (Ings et al. 2009 ) that describe the interactions between species in ecological communities (Bascompte 2009 ). The general structure of these networks has been widely studied (e.g. Petanidou et al. 2008; D attilo, Guimarães & Izzo 2013; Plein et al. 2013) . However, less is known about the functional roles of individual species within these networks, e.g. about their importance for ecosystem functions such as pollination or seed dispersal. Previous studies have shown that species' traits and phylogenetic history influence the functional roles of species in ecological networks (Rezende et al. 2007; Schleuning et al. 2014; Dehling et al. 2016; Lavabre et al. 2016) , but the spatial and temporal variability of these roles remains less explored (Burkle & Alarc on 2011; Mello, Bezerra & Machado 2013; Trøjelsgaard et al. 2015, among others) .
One way to measure the role of individual species in ecological networks is the degree of specialisation on specific interaction partners (Brodie et al. 2014) . There are different, complementary ways to measure species' specialisation. For instance, specialisation of species in interaction networks can be quantified by the number of interaction partners (e.g. Alarcon, Waser & Ollerton 2008; Olesen, Stefanescu & Traveset 2011) . While this simple measure of species' niche breadth does not account for trait similarity among resource species, the concept can be expanded to a measure of the functional niche breadth of consumers by accounting for trait differences among resource species (Fig. 1) . Specialisation can also be measured in a community context where a specialist species is defined as a species that interacts with a distinct set of species in the network (Bl€ uthgen et al. 2008; Ruggera et al. 2016) . According to this concept, functionally specialised species interact with functional characteristics of partners that no or only few other species interact with (Bellwood et al. 2006; Dehling et al. 2016) . Such species have a high degree of functional originality in the community. As morphological and functional specialisation of species are closely linked (Dehling et al. 2016 ) and many morphological traits are phylogenetically conserved (Webb et al. 2002; Dehling et al. 2014a) , phylogenetically related species might be expected to exhibit similar degrees of functional specialisation, both in terms of their functional niche breadth and their functional originality.
Interactions between species vary in space and time (e.g. Petanidou et al. 2008; Benadi et al. 2013) , but emerging network properties are often surprisingly stable (e.g. Petanidou et al. 2008; D attilo, Guimarães & Izzo 2013; Plein et al. 2013 ; but see Olesen et al. 2010) . What remains less clear is to what extent the functional roles of species within ecological networks vary across space and time. For instance, plant phenology leads to fluctuations in resource availability throughout the year, and consumer species have to respond to these fluctuations, e.g. by shifting to other resource types or between different species of the same resource type (Carnicer, Jordano & Meli an 2009; Kissling, B€ ohning-Gaese & Jetz 2009 ). Thus far, the flexibility by which species respond to seasonal changes in the availability of resources has been little studied in the context of species interaction networks. A trait-based approach allows to assess the functional flexibility of a species by quantifying the trait dissimilarity between species' interaction partners in space or time. Species that switch between interaction partners with distinct traits will have a higher functional flexibility than species that are restricted to species with similar traits.
An open question is to what extent functional specialisation and functional flexibility of species are related to each other in species interaction networks. Species that are functionally specialised in a given season (i.e. species that have a low functional niche breadth or a high functional originality) might need to switch to alternative resources in other seasons, and hence be seasonally flexible in their resource choice. Furthermore, species that are less specialised in their resource choice are probably switching less often to other resource types. However, an alternative prediction might be that functionally specialised species are dependent on specific interaction partners (Brodie et al. 2014) , and therefore show less flexibility in response to spatial or temporal resource fluctuation (Fang & Huang 2012) . This could mean that networks with many specialised species might be unstable due to a high risk of secondary species extinction in response to the loss of interaction partners (Colwell, Dunn & Harris 2012; S€ aterberg, Sellman & Ebenman 2013; Brodie et al. 2014) . Hence, it is important to investigate to what extent species that are functionally specialised in a given season are able to switch to alternative resources in other seasons. This analysis provides a first test on how flexible consumer species may also be more flexible in response to other types of resource fluctuations, e.g. as a result of human impacts.
In the tropics, many plant and animal species form mutualistic seed dispersal networks (Schleuning et al. 2012) . Thus far, little is known about how animal species in these networks respond to seasonal changes in fruit availability. Here, we quantify seasonal changes in plant functional trait space (related to fruit size, plant height and crop mass) of two plant-frugivore networks sampled in the Andes of south-east Peru and apply a trait-based analysis to test whether seasonal variation in fruit resources affects the functional specialisation of obligate avian fruit consumers. We then test, controlling for the phylogenetic relatedness among species, whether the flexibility of birds regarding their fruit choice across seasons is related to the degree of seasonal specialisation on particular fruit types. We measure this functional specialisation in two ways: as species' functional niche breadth in a given season and as functional originality compared to other species in seasonal seed dispersal networks. Our general aim was to examine the temporal variation of functional specialisation of avian consumers in these plant-frugivore networks within and across seasons. Specifically, we ask: (i) To what extent does functional specialisation of bird species vary across species and seasons? (ii) Are phylogenetically related species similarly specialised in their functional resource use? (iii) Is there a relationship between the degree of functional specialisation within seasons and functional flexibility across seasons? We expect (i) more variation in functional specialisation across species than across seasons and (ii) a phylogenetic signal in both measures of functional specialisation. We did not have a clear expectation about (iii) the relationship between functional specialisation per It is calculated as the length along a minimum spanning tree between all plant species that a bird feeds on in a particular season. (c) Functional originality (i.e. the extent to which bird species interact with plant partners that only few other species interact with) measures a bird's fruit preference within the plant functional trait space in a given season (i.e. its interaction centroid) relative to the seasonal community average (i.e. the community centroid). The interaction centroid of a bird species equals the weighted average of principal coordinates of all plant species interacting with the respective bird species. The community centroid is the mean of the interaction centroids of all bird species in the community. Functional originality is the Euclidean distance between the bird species' interaction centroid and the community centroid. (d) Functional flexibility measures the change in fruit preference of a bird species in plant trait space across seasons. It is calculated as the length along a minimum spanning tree between the four seasonal interaction centroids of each species.
season and functional flexibility across seasons as both a positive and a negative relationship could be expected.
Materials and methods interaction networks and functional traits
We collected interaction networks of frugivorous birds and fleshy-fruited plants at two sites in the Kosñipata valley in the Man u Biosphere Reserve in the Andes of south-east Peru (Dehling et al. 2014b), a global hotspot of avian frugivore diversity (Kissling, B€ ohning-Gaese & Jetz 2009 ). One network, 'San Pedro', was located at 1500 m a.s.l. (hereafter 'm') in lower montane forest. The other, 'Wayqecha', was located at 3000 m in upper montane forest.
At each location, data were collected during four time periods (below referred to as 'seasons'). Sampling was done approximately every 3 months between December 2009 and September 2010, resulting in four seasonal replicates of each network (Dehling et al. 2014b ). The first two seasons cover the beginning and peak of the rainy season, the third and fourth season the beginning and peak of the dry season. We installed 100 m 9 30 m plots (eight plots in San Pedro, six plots in Wayqecha) and visually recorded seed removal by frugivorous birds on all fleshyfruited plant species located in these plots. Only true seed removal events were included, i.e. fruit swallowing or carrying fruits away. During each season, every plot was observed on five consecutive days between dawn and noon for a total of 30 h. The total observation time was 720 h in Wayqecha and 960 h in San Pedro, resulting in well-sampled interaction networks at both locations (Dehling et al. 2014b) .
We sampled four morphological plant traits that are of key importance for plant-frugivore interactions (Dehling et al. 2014b) : fruit length, fruit diameter, plant height and crop mass. Traits were measured from plant individuals in the field. Fruit length, fruit diameter and fresh fruit mass were measured on at least 20 fruits per species collected from one to three individuals. Plant height and number of fruits were measured on all individuals of a species present in a plot. Plant height was measured as the maximum height of an individual using a range finder. For epiphytes, we recorded the height at which they grew. Number of fruits was counted per plant individual. When many fruits were present, fruits were counted for a part of the plant and then the total number of fruits was extrapolated to the entire plant individual. When infructescences contained many fruits, we counted the number of fruits per infructescence, the number of infructescences per individual and then estimated the total number of fruits. Crop mass was calculated as the product of the mean number of fruits per plant and the mean fruit mass. We logtransformed fruit length, fruit diameter and crop mass prior to further analysis to approximate a normal distribution. For all traits, we used the species mean across individuals in the analysis.
seasonal variability in plant trait spaces
We followed Vill eger, Mason & Mouillot (2008) and used a principle coordinate analysis (PCoA) to project plant species into a multidimensional trait space. We used Mahalanobis distances between species as recommended for morphological species' traits (Botta-Duk at 2005) and projected all plant species (for all seasons and both sites) into a single four-dimensional PCoA space (Dehling et al. 2016) . The four, resulting orthogonal principal coordinates represent the total variation in the four plant traits and describe the morphological differences among species by species-specific coordinates along the respective axes (see Fig. S1 , Supporting Information for the correlations of the original traits on the respective axes). For each seasonal network, the principal coordinates of the plant species fruiting in the respective season were extracted to analyse the seasonal variability in plant trait space. For each of the four seasonal networks at both sites (San Pedro and Wayqecha), we calculated two metrics of functional diversity from the PCoA trait space to quantify seasonal changes in plant trait diversity: functional richness (FRic) and functional dispersion (FDis). Functional richness measures the entire volume of niche space filled by species in the community (Mason et al. 2005) and is independent of species' frequencies. In contrast, functional dispersion quantifies the weighted average distance to the weighted centroid of a community (Lalibert e & Legendre 2010). Here, weighting was done with the total number of avian visits to each plant species in the respective network.
functional niche breadth
We restricted all species-level analysis to bird species which are dependent on fruits year-round, i.e. frugivorous birds that were present in all four seasons in either one or both networks (n = 33 species; 20 species in San Pedro, 11 species in Wayqecha and 2 additional species in both networks). For these species, we calculated functional niche breadth per season, i.e. the minimal distance needed to connect all interaction partners of a bird species in plant trait space within a seasonal network. For each seasonal network and bird species, we extracted PCoA coordinates of all plant species that a bird species interacted with and calculated the minimum Euclidian distance needed to connect these species (minimum spanning tree, Fig. 1b) . We used this approach instead of a functional volume because distances can be computed even for species with few interaction partners. Species recorded to interact with only a single plant partner were assigned a minimum functional niche breadth, defined by half of the minimum distance that was recorded across all species with more than one partner. Functional niche breadth therefore indicates to what extent a bird species utilised the available plant trait space in a given season, independent of the frequencies of interactions with the respective plant partners. Functional niche breadth is an inverse measure of functional specialisation and is largest for generalists, i.e. species that interact with many functionally different plants. Accordingly, the metric is strongly correlated with other specialisation measures such as the standardised degree of a species, i.e. the proportion of utilised plant species relative to all available plant species in a given season (r = 0Á95, P < 0Á01, n = 33 species). However, it was not related to network specialisation measures such as d 0 (Bl€ uthgen et al. 2008) which account for the community context (r = À0Á08, P = 0Á51, n = 33 species).
functional originality
We calculated functional originality (following the analytical framework of Dehling et al. 2016 ) as a second measure of functional specialisation per season because it accounts for the community context (Fig. 1c) . For each seasonal network, we selected all plant species that a specific bird species fed on. The principal coordinates of these plant species were then weighted by interaction strength and averaged to derive the weighted seasonal interaction centroid for each bird species (Fig. 1c) . Interaction strength was quantified as the ratio between the respective interaction frequency (total number of bird visits to a specific plant species) and the total number of interaction events of the respective bird species across all plant species . We then measured functional originality for each bird species by calculating the Euclidian distance between the weighted seasonal interaction centroid of the respective bird species and the seasonal community centroid ( Fig. 1c ; Dehling et al. 2016 ).
The community centroid was calculated as the unweighted mean of all bird species' interaction centroids in each seasonal network. Thus, functional originality measures functional specialisation of a bird species in a given season relative to that of other species in the community (Bellwood et al. 2006) . Functional originality was moderately correlated with functional niche breadth (r = À0Á43, P < 0Á01, n = 33 species) and with network specialisation measures such as standardised degree (r = À0Á48, P < 0Á01, n = 33 species) and d 0 (r = 0Á49, P < 0Á01, n = 33 species).
seasonal variation in functional niche breadth and functional originality
We tested whether functional specialisation (i.e. functional niche breadth and functional originality calculated for each seasonal network) of bird species showed seasonal variation. We fitted linear mixed-effect models ('lme4' package in R) with either functional niche breadth or functional originality as response variable, species identity and season as fixed effects, and network identity as random effect. Functional niche breadth and functional originality were log-transformed to approximate normality of model residuals. We further scaled functional niche breadth and functional originality to a mean of 0 and standard deviation of 1 within each seasonal network. This ensured that differences in the available plant trait space between seasons did not bias the degree of functional specialisation of species when comparing different seasonal networks. We tested the significance of the fixed-effect terms with a type II ANOVA ('car' package in R) using the chi-square (v 2 ) test statistic. This approach allows testing the fixed effects independent of the sequence of the terms in the model. In addition, we calculated the partial R 2 for season and species identity by computing the proportion of variance explained by the respective factor relative to the variance explained by other fixed and random factors plus the residual variance (Nakagawa & Schielzeth 2013) . The partial R 2 values indicate how much of the variation in functional niche breadth and functional originality can be explained by the different factors. If species identity has a higher partial R 2 than seasons, species have similar functional specialisation throughout the year, despite of seasonal variation.
phylogenetic signal of functional niche breadth and functional originality
We expected that phylogenetically closely related bird species show similar degrees of functional specialisation. For this, we tested the phylogenetic signal in functional niche breadth and functional originality (with log-transformed and scaled mean values across the four seasons for each bird species) by estimating the lambda statistic (Pagel 1999 ). We constructed a phylogenetic tree of all included bird species (n = 33 species) using a global bird phylogeny (Jetz et al. 2012) . A set of 10,000 trees was downloaded from birdtree.org using the 'Hackett All Species' backbone. We used TreeAnnotator v1.8.1 (BEAST v 1.8.1, Drummond et al. 2012) to combine these trees into one consensus tree (using the 'maximum clade credibility tree' option with median node heights). Statistical significance of the phylogenetic signal was tested using a likelihood ratio test (comparing the phylogenetic signal to a lambda of zero).
functional flexibility
We defined functional flexibility of all bird species as their ability to switch seasonally between plant species with different traits. Functional flexibility was quantified as the minimum Euclidian distance connecting the four seasonal interaction centroids of a given bird species in a minimum spanning tree (Fig. 1d) . The distances indicate how much a bird changes its fruit preference throughout the year, with a high functional flexibility value indicating that a bird feeds on different plant traits in different seasons. Functional flexibility was log-transformed to approximate normality of model residuals.
relationship between functional specialisation and flexibility
To test the relationship between functional specialisation within seasons and functional flexibility across seasons, we fitted two linear phylogenetic generalised least-squares models (PGLS, i.e. linear regression models controlling for phylogenetic relatedness among species) with functional flexibility as response variable and functional niche breadth and functional originality as predictors respectively. For this analysis, the seasonal values of functional niche breadth and functional originality were averaged for each species across networks. There was no need to account for site-specific differences among species because the relationship between functional flexibility and functional specialisation showed qualitatively similar patterns for the networks sampled at San Pedro and Wayqecha. In the PGLS, a maximum likelihood approach was used to optimise Pagel's lambda branch length transformation (Freckleton, Harvey & Pagel 2002) . To test whether the observed relationship between functional flexibility and the two measures of functional specialisation was stronger than expected at random, we implemented two null models. The first null model used the Patefield algorithm (Patefield 1981), while the second null model used the method proposed by V azquez et al. (2007) . These null models randomised the observed interaction events, but maintained the total interaction frequency per species (Patefield 1981) or the connectance of the network (V azquez et al. 2007) . The connectance of the network is the proportion of realised links relative to all possible links in the network (V azquez et al. 2007 ). Each seasonal network was randomised 100 times, according to the respective null model. We calculated functional niche breadth and functional originality of each bird species in each randomised seasonal network in the same way as in the observed network and also computed the functional flexibility of species across the randomised seasonal networks. For each null model run, we applied a PGLS to test the relationship between functional niche breadth and flexibility and between functional originality and flexibility respectively. We extracted the 2Á5% and 97Á5% quantiles of the modelled slopes from the 100 null model runs and then compared their 95% confidence interval to the respective observed relationship.
Results

seasonal changes in plant trait spaces
We observed 52 fleshy-fruited plant species in the network at San Pedro (1500 m) and 51 plant species in the network at Wayqecha (3000 m). This resulted in a total of 99 unique plant species. In both networks, plant species were clustered in certain areas of the plant trait space, while a few species with extreme trait combinations determined the extent of the available plant traits in each season (Fig. 2) . Functional richness and functional dispersion differed between seasons. In San Pedro, the first season was characterised by the highest values for functional richness and dispersion, whereas the second season had the lowest values (Fig. 2a) . The network at Wayqecha showed similar patterns of seasonal variation (Fig. 2b) .
seasonal variation and phylogenetic signal in functional niche breadth and functional originality
Out of the 33 analysed bird species, the 10 species with the highest values of functional niche breadth and thus the lowest degree of specialisation within each season were all tanagers (family Thraupidae) (Fig. 3a, b) . The pigeons Patagioenas fasciata and Patagioenas plumbea, the toucan Andigena hypoglauca, the oropendola Psarocolius atrovirens and the guan Penelope montagnii had consistently low values of functional niche breadth in the seasonal networks (Fig. 3a, b) . Functional originality showed an inverse trend to functional niche breadth (Fig. 3b, c) , and hence a similar pattern in terms of functional specialisation. The lowest functional originality (and thus lowest seasonal specialisation) was found in tanagers, whereas pigeons, the toucan, the oropendola and the guan had consistently high values (Fig. 3c) . Consequently, species identity had a strong, statistically significant effect on functional niche breadth (v 2 = 106Á0, P < 0Á01) and functional originality (v 2 = 100Á7, P < 0Á01) and explained a large amount of the variation in both functional niche breadth (partial R 2 = 0Á41) and functional originality (partial R 2 = 0Á39).
In contrast, season had no effect on functional niche breadth (v 2 = 3Á4, P = 0Á49, partial R 2 = 0Á01) and functional originality (v 2 = 3Á8, P = 0Á44, partial R 2 < 0Á01). Hence, species had similar degrees of functional specialisation across seasons (i.e. small standard errors in Fig. 3b, c) .
The phylogenetic analysis detected a strong phylogenetic signal in both functional niche breadth (k = 0Á71, P = 0Á01) and functional originality (k = 0Á89, P < 0Á01, Fig. 4) . Thus, closely related species had similar degrees of functional specialisation, e.g. tanager species had consistently high values of functional niche breadth and low values of functional originality.
relationship between functional specialisation and flexibility Functional flexibility was negatively associated with functional niche breadth (b = À0Á21, R 2 = 0Á17, P = 0Á02) and positively associated with functional originality (b = 0Á63, R 2 = 0Á49, P < 0Á01) (Fig. 5) . The relationship between functional flexibility and functional niche breadth was consistent with the expectation from both null models of randomised species interactions (Patefield: 95% CI range of b = À0Á40 to 0Á00; V azquez: 95% CI range of b = À0Á29 to 0Á06). However, the relationship between functional originality and functional flexibility was always stronger than in null models of randomised species interactions (Patefield: 95% CI range of b = 0Á05-0Á50; V azquez: 95% CI range of b = 0Á12-0Á55).
Discussion
We used two well-sampled plant-frugivore networks from the tropical Andes of south-east Peru to test whether (i) frugivorous bird species have similar degrees of functional specialisation in different seasons; (ii) functional specialisation of frugivorous birds is phylogenetically constrained; and (iii) bird species that are functionally specialised in a given season are flexible in switching to morphologically different resource types in other seasons. We found that both measures of functional specialisation (i.e. functional niche breadth and functional originality) showed little seasonal variation within species, but a strong phylogenetic signal and substantial variation across species. Moreover, we found that frugivores that are functionally specialised in a particular season are flexible in switching to other fruit resources in other seasons.
seasonal variation in functional specialisation
At our two study sites in the tropical Andes, the recorded changes in the functional diversity of the trait space of the fruiting plant community indicate that resources vary substantially among seasons (Fig. 2) . This is in line with other studies on fruiting phenology in tropical rain forests (e.g. Schaefer, Schmidt & Wesenberg 2002) . Despite this variability in fruit resources, we found little seasonal variation in the functional niche breadth and functional originality of frugivorous bird species. Hence, frugivorous birds had a similar degree of functional specialisation in different seasons throughout the year, despite the changing resource context. Almost all bird species with a high functional niche breadth and a low functional originality were tanagers (Thraupidae), a family consisting of small-bodied, narrow-gaped frugivores (body mass <60 g). These species feed almost exclusively on small-sized fruits (Wheelwright 1985) such as those from Miconia plants that fruit over most time of the year (Hilty 1980) . Compared to other frugivores, the large functional niche breadth (and low functional originality) of most tanagers results from consuming a high diversity of plant species within each season, mostly small-fruited plants that differ in plant height and crop mass. These plant species are often visited by (3000 m a. s.l., both Man u Biosphere Reserve, Peru). Seasons 1 and 2 cover the rainy season, and seasons 3 and 4 cover the dry season. The principal coordinate analysis is based on fruit length, fruit diameter, plant height and crop mass of all plants in the two networks. The black stippled polygon illustrates the functional trait space of the fleshy-fruited plants in the respective network over the entire year, the coloured overlay the functional trait space available in the respective season. Each dot represents one plant species; dot size corresponds to the log-transformed number of interaction events of the respective plant species with all frugivorous birds in the respective network. large heterospecific flocks of tanagers that share similar types of fruit resources (Saracco, Collazo & Groom 2004) .
In contrast to tanagers, species with a narrow functional niche breadth in a given season included two pigeons (P. fasciata and P. plumbea), an oropendola (P. atrovirens) and two thrushes (Turdus chiguanco and Turdus fuscater). These species, as well as a toucan (A. hypoglauca) and a guan (P. montagnii), also showed a high functional originality in the seasonal networks. Some of these species are among the largest frugivores in the community and differ widely in their bill and wing shapes. Compared to tanagers, they tend to consume large fruits (Wheelwright 1985) which are often less abundant and offered in the forest canopy rather than in the understorey (Fl€ orchinger et al. 2010) . Consequently, these frugivores are functionally more specialised on particular fruit types in a particular season and show a higher degree of functional originality than small-bodied species that preferentially exploit the most common resources in each season.
phylogenetic signal in functional specialisation
We found a strong phylogenetic signal in both functional niche breadth and functional originality. This indicates that species within specific phylogenetic lineages have a similar degree of functional specialisation in plant-frugivore interaction networks. For instance, two pigeon species ranked among those species with the highest degree of functional specialisation, whereas tanager species had a consistently high functional niche breadth and low functional originality. In mutualistic networks, phylogeny has been shown to influence species degree (i.e. the number of partners) (Rezende et al. 2007; Kissling & Schleuning 2015) and species position within network modules . Our study further underlines the importance of the phylogenetic relatedness among species for unravelling patterns of functional specialisation in ecological networks (Ibanez, Ar ene & Lavergne 2016). Our findings have important implications for the robustness of ecological networks against species' extinctions or range shifts. If certain phylogenetic lineages are more likely to disappear than others, specific functional roles in a network will also disappear under the assumption that functional traits exhibit phylogenetic conservatism (Webb et al. 2002; Rezende et al. 2007; D ıaz et al. 2013) . Moreover, a high degree of functional specialisation (e.g. of pigeon or toucan species) might reflect a low functional redundancy as the loss of these species might not be compensated by other species (Dehling et al. 2016) . These species might be considered to play a keystone role for the maintenance of community structure and ecosystem functioning (Mello et al. 2015) . Thus, a strong phylogenetic signal in functional specialisation may render the interaction networks susceptible to the loss of species with unique functional roles. This expectation is corroborated by studies showing that the loss of large seed dispersers from tropical forests leads to severe changes in plant community dynamics and forest structure (Galetti et al. 2013; Dirzo et al. 2014 ).
functionally specialised species are most flexible in resource choice
We found that functional niche breadth was negatively and functional originality positively related to functional flexibility. Hence, birds with a high degree of functional specialisation within seasons showed a high flexibility to switch between plant resources with different traits across seasons. We tested both relationships against two types of null models. Although the relationship between functional originality and flexibility was stronger than expected from both null models, the relationship between functional niche breadth and flexibility was not. As the measure of functional niche breadth does not account for differences in the interaction frequencies between species, it might be particularly sensitive to sampling effects because frequently observed species will tend to have a larger functional niche breadth than rarely observed species. This is also corroborated by the close relationship between species degree and functional niche breadth, indicating that this metric is to a large extent driven by the number of resource species recorded for each consumer species. In contrast, the measure of functional originality accounts for interaction frequencies between species and the community context and is therefore less prone to sampling effects. We propose that functional originality is therefore more suitable for comparative studies of functional specialisation in ecological communities.
The positive relationship between functional specialisation within seasons and flexibility across seasons is related to the morphological characteristics of the functionally most specialised frugivore species. The highest functional specialisation was observed for relatively large-bodied frugivores with rather large bills (e.g. pigeon, toucan, oropendola, guan and thrush species). These species preferably feed on large fruits (e.g. Clusia alata, Clusiaceae, or Ruagea subviridiflora, Meliaceae) because feeding on large resource types might optimise their foraging efficiency (Corlett & Primack 2011) . However, the preferred large fruits are not constantly available throughout the year which forces large frugivores to seasonally switch to other types of fruits, e.g. to fruits of medium size such as Podocarpus oleifolius (Podocarpaceae) and Hedyosmum tepuiense (Chloranthaceae). Hence, large frugivores must be relatively flexible to switch to other resources in response to fluctuations in fruit resource availability. In contrast, bird species with narrow bills are less flexible in fruit choice, but are able to interact with a constantly diverse community of smallfruited plant species in the forest understorey and canopy throughout the year.
Trait matching between resource and consumer species seems to be a widespread phenomenon in ecological networks (e.g. Wheelwright 1985; Woodward & Warren 2007; Stang et al. 2009; Maglianesi et al. 2014; Dehling et al. 2016) . Hence, interaction systems other than plantfrugivore networks might also show a positive relationship between functional specialisation and flexibility of consumer species. For instance, insect and bird pollinators with adaptations to exploit nectar from long flower tubes are also able to visit short flowers, whereas species with a short proboscis or beak are constrained to visit short flowers (Stang et al. 2009; Maglianesi, B€ ohning-Gaese & Schleuning 2015) . Similarly, large predators are able to feed on prey species of different size, whereas smaller predators are restricted to small prey species (Wilson 1975; Woodward & Warren 2007) . Consistent with our findings, this suggests that the consumers that are functionally most specialised in a given spatial or temporal context may, nevertheless, be the most flexible in responding to resource fluctuations. To measure how a species' dietary preference changes over time or in space, we here propose the metric of functional flexibility. This metric may be better suited to quantify the dependence of consumers on specific resources than measures of functional specialisation that do not account for the temporal or spatial variability in resource availability.
Conclusion
Our findings have two important implications. First, our results confirm that specific bird species and specific phylogenetic lineages fulfil particular functional roles in plant-frugivore networks. Loss of these species will probably lead to a loss of functionality from ecological communities that cannot directly be compensated by other species. Second, we found that bird species that are temporarily specialised on particular resource types are able to switch to different resource types in response to resource fluctuations. This flexibility of consumer species to respond to changes in resource availability may be an important, but so far largely neglected mechanism to stabilise ecological networks between resource and consumer species. Flexibility in resource choice may also foster the adaptability of ecological networks to species turnover in ecological communities as a consequence of global change. Fig. 5 . The relationship between functional flexibility across seasons and (a) seasonal functional niche breadth and (b) functional originality respectively. Fitted trend lines were derived from phylogenetic generalised least-squares models based on log-transformed values of the metrics. Points represent the 33 frugivorous bird species present in all four seasons of the plant-frugivore network at San Pedro and/ or Wayqecha. The relationship in (a) was not different from the expectation of randomised species interactions, while the relationship in (b) was stronger than expected from null models. Both functional niche breadth and functional originality represent mean values across seasons. Functional niche breadth is negatively and functional originality positively related to functional specialisation. The coloured silhouettes illustrate the different bird orders; yellow for Columbiformes, blue for Piciformes, red for Craciformes and grey for Passeriformes.
